INTRODUCTION
Asset intensive organisations in the private and public sectors rely on assets to provide products and services. The ability of these organisations to provide desired service levels, function safely (with regard to personnel, public and the environment), and economically or profitably is dependent on the effective maintenance of these assets. The assurance of asset capability [1] to meet these business objectives is the role of the maintenance function. Preventive Maintenance designed to avoid unplanned component failure [2] is an essential part of a maintenance program. The preventive maintenance program consists of a multitude of time based activities that are directed at assets and their components. The development and continuous improvement, or management, of these activities should require a significant proportion of the maintenance management effort. The challenge for maintenance is to effectively manage large volumes of Preventive Maintenance activities. This paper explores the application of quadrant analysis to the segregation and development of policies for the ongoing management of preventive maintenance activities.
PREVENTIVE MAINTENANCE
In this paper the term Preventive Maintenance [3] refers to any activity that is designed to:
-Predict the onset of component failure,
-Detect a failure before it has an impact on the asset function,
-Repair or replace asset before failure occurs.
Based on available literature, it is most likely that the development of failure prevention and management policies for most facilities will be based on a combination of: -Operational research;
-Risk based maintenance analysis;
-Quality approach;
-Non-Risk Based Approach.
-Event and situation analysis.
These categories are described in the following sections.
Operational Research
Operational research is concerned with defining quantitative solutions to problems of Maintenance Management. The approach is to define a maintenance problem in logical terms and then express the problem as a mathematical relationship. The solution to the maintenance problem is then derived from the solution to the mathematical relationship. Operational research in maintenance is typified by work by Jardine [4] , which describes models for maintenance strategy decision making based on the analysis of historical data
Risk Based Maintenance Analysis
Risk based analysis refers to the development of failure prevention and management policies based on an understanding of the consequence and probability (hence risk) and modes of failure of an item. Methodologies that describe the development of failure prevention and management policies are numerous and often amount to variations of a similar fundamental approach. This type of approach is typified by inductive techniques such as Reliability Centred Maintenance [5] . Other examples of these techniques are Failure Modes, Effects and Criticality Analysis (FMECA) [6] .
Quality Approach
The Quality Approach refers to methodologies for developing maintenance strategy influenced by Quality Management approaches, which emerged from Japan in the 1940's. These systems provided the foundation for the evolution of quality maintenance systems which were initially aimed at the application of quality tools to maintenance related problems. The quality school of maintenance includes Total Productive Maintenance (TPM) described by Nakajima [7] , "Total Productive Maintenance (TPM) is productive maintenance carried out by all employees through small group activity. In TPM the machine operator is responsible for the maintenance of the machine, as well as its operation.
Non-Risk Based Maintenance Analysis
Non-Risk based maintenance analysis refers to the development of failure prevention and management policies without understanding the consequence and probability of failure of an item. These methodologies are classified as: -Manufacturer's recommendations -Personal Experience -Past practice.
Event and situation analysis
Failure prevention and management policies are developed to produce certain outcomes described by the objectives of maintenance. These objectives make specific assumptions about organisational and operational requirements and conditions. The development of maintenance strategy is also carried out with the use of the best available knowledge about item reliability, local work practices, and external (e.g. legal and regulatory) requirements. With time, these elements may change, and the maintenance strategy must change to remain relevant to the original maintenance objective (i.e. it must be a dynamic and evolving strategy). A facility can be made up of thousands of individual assets, tens or hundreds of thousands of individual components [8] and tens or hundreds of thousands of individual maintenance activities. The development and management of maintenance activities for facilities of this magnitude is an enormous undertaking in terms of effort and data management. If a maintenance analyst was to do nothing else but review the performance of 10,000 maintenance activities over the course of one year -the application of simple mathematics shows that they would have just over nine minutes per activity to devote to the task. There is a need to be able to segregate maintenance activities for control purposes.
CONTROL OF MAINTENANCE ACTIVITIES
In many businesses, Preventive Maintenance activities have been established over time with little technical discipline supporting the decision process. This has resulted in Preventive Maintenance activities that: -Are ineffective in detecting the onset of failure,
-Duplicate the effort of other preventive activities,
-Are missing for critical failures.
Control of the maintenance activities involves modifying the description or timing of the activity as changes are detected in the performance of assets or the organisational environment in which the activity is applied. This control can be required for the following reasons: -The original assumption on which the maintenance strategy was developed is now wrong (e.g. incorrect assumption about failure rates or failure consequences)
-Changes to equipment design or parts supply -Changes to the organisational or operational environment or requirements -Changes to external environment or requirements.
The effective control of maintenance activities is challenged by the volume of activity data as well as a lack of classification of maintenance activities and a framework for their segregation and management.
THE NATURE OF PREVENTIVE MAINTENANCE ACTIVITIES
A preventive maintenance activity is a specific instruction to perform a maintenance action to address a specific failure mode or range of failure modes for a particular component. Simple examples (additional information would be required to represent a quality instruction) of preventive maintenance activities are:
-Check Gearbox Oil Level every 3 Months;
-Replace Oil Filter every 1000 Hours;
-Measure brake pad thickness every 5,000 kilometres.
Preventive Maintenance has a few apparent features or attributes: An activity to be performed, a frequency or interval (the timing) at which the activity is performed and material and labour resources required to perform the activity. The maintenance planning process generally assumes that all maintenance activities are equally important, and it is difficult to discriminate between activities just by the attributes stored in work management systems. In reality there are many other attributes of a maintenance activity. For the purpose of this paper, examples of these attributes are limited to: -Criticality -The impact of the particular failure mode of a component that the maintenance activity is designed to prevent;
-Cost -The labour, material, services, overhead cost of the maintenance activity;
-Frequency -The frequency or interval of the maintenance activity;
-Repair Time -The average repair time of the failure mode of a component that the maintenance activity is designed to prevent;
These attributes are explored in the following sections.
Criticality
Criticality describes the impact of a failure in terms of its effect on the safety and profitability of the business. An example of a means of classifying equipment is demonstrated in Minor impact on output of one machine/line. Production can be rescheduled. Unable to meet some customer orders for a specific product by delivery dates.
Partial Loss of Production 5
Loss of assets with 100% capacity backup. Failure of backup assets will affect ability to meet customer order quantities by delivery dates.
Negligible Impact 4
Loss of assets with some contingency or buffer storage. Significant impact on output of single machine/line (with no affect on ability to meet orders).
Negligible Impact 3
Loss of assets with significant contingency or buffer storage. Significant impact on output of single machine/line (with no affect on ability to meet orders).
Negligible Impact 2 Minor impact on output of single machine/line (with no affect on ability to meet orders) e.g. short reduction in production capacity. The application of criticality ratings to individual maintenance activities in a case study from [3] is shown in Figure 5 . This chart shows that a high proportion of activities, by cost, were directed at the prevention of "Negligible Impact" failures or failures with low levels of "Loss of Production". The application of the criticality attribute provides one way to discriminate between maintenance activities. There may be an opportunity to reduce maintenance effort on equipment failure modes with negligible impact. 
Cost
The total cost of performing a maintenance activity is the summation of labour, materials and services costs. One means of discriminating maintenance activities by cost is to use an ABC analysis -a common method for classifying inventories aimed at identifying critical inventory items. ABC classification is based on the Pareto Principal (Vilfredo Pareto (1848 -1923) ), that a relatively few items account for the majority of any given result. ABC classification argues that a relatively small number of inventory items account for the major part of the total inventory value. When applied to Preventive Maintenance activities a similar pattern is seen. Figure 7 shows the results of applying ABC analysis to the Preventive Maintenance activities in the case study. The graph of Figure 7 shows that: Quarterly 5%
Semi-Annually 8%
Annually 4%
More than Annually 1%
Other Attributes There are many other attributes available to categorise maintenance activities. Examples of these are frequency and repair time.
An example of the allocation of activities by cost to frequency is shown in Figure 6 . The visibility of activities in this way identifies a challenge or opportunity -that of potential over maintaining. Particularly when combined with the information from the previous attributes. The combination of information provides a point for managing maintenance activities. How do I manage my activities that are directed at negligible impact modes of failure that have a high cost and a high frequency? Figure 6 -Preventive Maintenance Activity Costs by Frequency [3] A further and final example of an attribute is Repair Time for the failure mode shown in Figure 7 . A repair time category can be applied to a component or failure on the basis of historical experience. For example, a Short Repair Time category may be 0 to 2 hours, while a medium repair time is 2 to 6 hours and a Long Repair Time greater than 6 hours. A combination of attributes can create a profile for a maintenance activity that can be used to identify the activity for a specific course of management action. In this way there are no longer tens or hundreds of thousands of activities to be managed, but clusters of maintenance activities to be managed in a specific way. There is potential for multiple attributes to become unwieldy if used to profile activities. The attributes described above give 180 different combinations or potential profiles for maintenance activities. The remainder of this paper considers the use of two attributes and four combinations to explain the features and benefits of the profiling approach. Quadrant Analysis is used for visualisation purposes.
QUADRANT ANALYSIS
Quadrant Analysis is a methodology of graphical representation and visualisation of any number of entities by two attributes. Quadrant analysis is viewed as a scatter plot of two variables on a set of axes to understand relationships between these variables. An example of such an application of quadrant analysis is the Boston matrix [11] or Boston square analysis developed by the Boston Consulting Group during the 1970's [12] to plan market strategies. In the model of Figure 8 , an organization's products and services were analysed in terms of Market Growth (percentage change in sales in a product or service category) and Market Share (ratio of an organization's sales in a product or service category to the total value of sales in that category).
An organization's products and services are positioned according to their perceived values and ranked within the various quadrants. These products and services are then categorised and managed accordingly. Cash Cows are used to finance other initiatives; problem children are monitored -hoping that they will eventually become stars. Dogs may be dumped. Quadrant analysis has been extended to general problem analysis including risk assessment [9, 10] . The quadrant analysis approach is applied to the problem of maintenance activity management. 
Application of Quadrant Analysis to Maintenance Activities
The Quadrant Analysis can be applied to the problem of maintenance activity analysis. Two possible attributes are identified in the content of Section 3, namely Criticality and Cost. A matrix with these attributes is shown in Figure 10 . The quadrants are described as: Trivial -Maintenance Activities in this category have a low cost (Category B or C from Figure 7 ) and a low criticality (a score of 5 or lower in Table 2 ). Excessive -Maintenance Activities in this category have a high cost (Category A from Figure 7 ) and a low criticality (a score of 5 or lower in Table 2 ). Critical -Maintenance Activities in this category have a low cost (Category B or C from Figure 7 ) and a high criticality (a score of 6 or higher in Table 2 ). Strategic -Maintenance Activities in this category have a high cost (Category A from Figure 7 ) and a high criticality (a score of 6 or higher in Table 2 ). The naming of the quadrants is somewhat arbitrary. It is the management strategies for the Maintenance Activities in the quadrants that is the key point of the segregation. Management strategies for maintenance activities are argued on the basis of achieving the objectives of maintenance and opportunities to reduce direct maintenance costs. 
Management Policies for Maintenance Activities
Management policies for the various segment of maintenance activities are influenced by observations on the features of these segments. These are discussed below. Trivial maintenance activities have a low cost and a low criticality. Typically these activities take little effort to execute. The impact on the organization of not performing these activities, or working with less than optimal activities or timing is low. The effort required to make changes to these maintenance activities may be significant. Excessive maintenance activities have a high cost and a low criticality. These activities may cost more to execute over the life cycle of a component than the opportunity cost associated with component or asset failure.
Critical maintenance activities have a low cost and a high criticality. These activities are significant because of the impact of failure. There is little opportunity to reduce maintenance costs by analysing these failures. Strategic maintenance activities have a high cost and a high criticality. These activities are significant because of the impact of failure and the cost and effort associated with their execution. Management policies for the various categories of maintenance activities are proposed in Table 2 .
TRIVIAL
-Perform activities as they arise (they do not take much time or effort);
-Manage by exception (monitor metrics or KPIs by exception);
-Delegate execution of these maintenance activities to other resources (e.g. contract or operations);
-Consider activity redesign or elimination in the case of off-line maintenance activities (i.e. where downtime is required to perform the activity -or the maintenance activity is intrusive);
-Pay a low level of attention to these maintenance activities (there are more important activities to be managed).
EXCESSIVE
-Consider task elimination based on economics;
-Consider increasing maintenance intervals
CRITICAL
-Monitor compliance of these maintenance activities;
-Monitor measures relating to cost of the activities on an exception basis;
-Analyse unplanned failures related to these activities using causal analysis techniques;
-Review the effectiveness of the maintenance activity on a periodic (say annual) basis;
-Ensure that accurate maintenance records are kept;
-Consider the use of risk based methodologies such as FMEA or RCM to improve task effectiveness, particularly on highly critical activities.
STRATEGIC
-Actively apply risk based methodologies such as FMEA or RCM to improve task effectiveness and reduce costs;
-Revisit the risk assessment associated with the maintenance activity on a periodic (say annual) basis;
-Ensure that accurate maintenance records are kept. The management policies of Table 2 are considered to be a work in progress. While the content of the management policy for each segment is arguable, the diversity of the management policy is demonstrated.
APPLICATION OF QUADRANT ANALYSIS
To demonstrate the application of quadrant analysis to maintenance activity segregation, over 7,000 activities for a manufacturing facility were analysed. This facility was unusually appropriate for such an analysis because: 1. Recent work had been conducted to isolate individual maintenance activities from the Computerised Maintenance Management System; 2. A criticality assessment of assets and components was available to associate with individual maintenance activities. Equipment criticality was allocated to the maintenance activities as shown in the scale of Table 1 . A random factor was applied to provide a spread of points within the score band for visualisation purposes. The cost of the maintenance activity was converted to an equivalent annual cost based on the cost of the single activity annualised by its frequency. An A, B, C analysis of maintenance activity costs was conducted as indicated in Figure 7 . Costs were adjusted with the A, B and C bands for visualisation purposes. A scatter plot of the cost and criticality data was created. The number of maintenance activities in each of the four quadrants was counted. The results of this analysis are shown in Figure 11 . These results analysed by numbers show that relatively few maintenance activities were assessed as Strategic or Critical for the facility studied. Figure 11 shows that in terms of numbers (a count of maintenance activities in each segment):
-5% of maintenance activities fall into the Strategic segment.
-18% of maintenance activities fall into the Critical segment -23% of activities fall into the Excessive segment -54% of activities fall into the Trivial segment.
The analysis of segment numbers show that relatively few maintenance activities are indicated as strategic and critical to the organisation. If this is analysed by cost (sum the cost of the maintenance activities within each segment, the results show: -14% of total cost of maintenance activities falls into the Strategic segment.
-7% of total cost of maintenance activities fall into the Critical segment -56% of total cost of maintenance activities fall into the Excessive segment -22 % of activities fall into the Trivial segment
The analysis of segment costs indicates the opportunity to challenge excessive maintenance activities. The immediate benefit of maintenance activity segregation lies in the reduction of excessive activity. A study by Anderson [3] reports a reduction in the direct cost of Preventive Maintenance Activities by frequency reduction. This reduction was reported to be 40% of the total cost of Preventive Maintenance for the facility studied. Significant benefits are evident in maintenance activity segregation. The results of the single application of quadrant analysis are not conclusive. There is insufficient analysis across sites to conclude a pattern of population of segments as a general rule. The following is indicated by these results: 1. There is variability in the criticality of maintenance activities within a facility;
2. There is variability in the cost of maintenance activities within a facility;
3. There is variability in the distribution of maintenance activities by cost and criticality;
4. Segmentation of maintenance activities indicates that different management strategies are justified for the various segments identified.
Additional work at different sites is warranted to further explore the application of quadrant analysis to the management of maintenance activities. Technical analysis is challenged by: -Lack of facilities with a complete set of maintenance activities identified as individual entities;
-Lack of facilities where a rigorous and dependable criticality analysis has been performed across the entire site 
Cost Criticality
It s hoped that this paper will challenge organisations to consider the applicability and benefits of segmentation analysis of maintenance activities to facilitate access to additional data for analysis purposes.
CONCLUSION
There is a challenge for organisations to effectively manage large volumes of Preventive Maintenance activities. Quadrant analysis indicates that valid maintenance activity management strategies could be determined on the basis of the attributes of the maintenance activities. Variability has been demonstrated in the application of quadrant analysis to a single facility. While this study is not conclusive, applicability of Quadrant Analysis to the segmentation of maintenance activities is indicated. It has been further demonstrated that management policies based on segmentation could be valid. Additional application of quadrant analysis to the problem of maintenance activity analysis is warranted.
